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Inspired by the co-coupling of the non-smooth structure and the waxy layer inducing the hydrophobicity of dragonfly wing sur-
face, we developed a simple and versatile method to fabricate a superhydrophobic surface with the dragonfly wing structures. In 
this work, Ag nanorods grew on highly ordered anodic aluminum oxide (AAO) surface via a galvanic reduction approach. Then 
the AAO-Ag multilayer was fabricated. Furthermore, the surface free energy of AAO-Ag multilayer was reduced by modifying 
with perfluorodecanethiol. The modified AAO-Ag multilayer was superhydrophobic and the static contact angle reached as high 
as 168°. X-ray photoelectron spectra (XPS) were used to characterize the chemical structure of the obtained products. The mor-
phologies of AAO-Ag multilayer was similar to microstructure of dragonfly wing surface and presented hierarchical rough struc-
ture. The results showed that the co-coupling of the rough structure and low surface free energy induced the superhydrophobic 
performance of the AAO-Ag multilayer surface. 
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The biological microstructures are essential to remarkable 
hydrophobic surface for many biological system in nature 
[1]. Furthermore, the hierarchical roughness of microstruc-
tures optimizes superhydrophobicity on biological surfaces 
[2,3]. For example, the microrelief of plant surfaces, mainly 
caused by epicuticular wax crystalloids, often causes effec-
tive water repellency [4]. The rough, waxy leaves of plants 
are not only water-repellent but anti-adhesive with respect 
to particulate contamination. The contaminating particles 
are carried away by water droplets, resulting in a cleaned 
surface (Lotus-effect) [5]. Hierarchical micropapillae and 
nanofolds that exist on the petals’ surfaces of red roses pro-
vide a sufficient roughness for superhydrophobicity and yet 
at the same time a high adhesive force with water [6]. 
Moreover, It was found that some insects with very unwet-
table wings show a highly significant “self- cleaning” effect 
under the influence of rain or dew [7]. The hierarchical 
multiple roughness structures on the wing surfaces of in-
sects enhanced their hydrophobicity [8]. The multivariate 
coupling of the shape, structures and biomaterial of the 
scales induced the hydrophobicity of the butterfly and moth 
wings [9,10]. The cooperation of nanogroove structures on 
the oriented microsetae on water strider’s leg, in conjunc-
tion with the wax on the leg, renders such water repellency 
[11,12]. Inspired by these, many artificial surfaces with 
special wettability have been prepared in a variety of ways, 
including template method [13], sol-gel processing [14], 
self-assembly method [15,16], electrochemical deposition 
[17], electrospinning method [18], electroless galvanic dep-
osition method [19], chemical etching [20], chemical vapor 
deposition method(CVD) [21], and so on [22–30].  
Moreover, it was found that the contact angle on dragonfly 
(pantala flavescens fabricius) wing surface was about 146° 
[31]. In addition, the membrane of dragonfly wing in the di-
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rection of the thickness was divided into three layers, which 
were separately referred to as dorsal surface, middle layer and 
ventral surface. And both the dorsal and the ventral surfaces 
displayed a random distributed rough microstructure that was 
composed of numerous nanometer scale columns coated by 
the cuticle wax secreted [32,33]. The hydrophobicity of 
dragonfly wing surface was induced by the co-coupling of the 
non-smooth structure and the waxy layer [31]. 
Inspired by dragonfly wing surface, we developed a sim-
ple and versatile method to fabricate a superhydrophobic 
surface. First, the highly ordered anodicaluminum oxide 
(AAO) has been fabricated using a two-step anodization 
approach. Secondly, the as-synthesized AAO film was used 
as substrate and Ag nanorods grew on the substrate via a 
galvanic reduction. Then the AAO-Ag multilayer was fab-
ricated. Finally, the AAO-Ag multilayer film would be 
modified by hydrophobic substance in order to achieve a 
superhydrophobicity on its surface. So, the superhydropho-
bic surface was obtained mimicking dragonfly wings. It will 
give us more experiences and design principles to construct 
bionic and superhydrophobic surface. 
1  Experimental  
1.1  Chemicals and materials 
1H,1H,2H,2H-perfluorodecanethiol (PDT) was purchased 
from Sigma-Aldrich Co. (UK). All the other reagents used 
were of analytical reagents (AR) grade without further purifi-
cation and was obtained from the Beijing Chem. Co. (China). 
The water used was purified through a distillation system. 
1.2  Preparation of anodized aluminum oxide (AAO)  
Aluminum foils (99.999%, General Research Institute for 
Nonferrous Metals, China) were annealed at 500°C for 2 h 
in nitrogen atmosphere and were cut into 1 cm  2 cm. Be-
cause Al foil surfaces were anodization in air and degreased, 
it was necessary to be etched in sodium hydroxide solution, 
rinsed in distilled water and dried by nitrogen gas. In a typ-
ical procedure [34], Al foils were electropolished for 90 s in 
a perchloric acid solution (perchloric acid: absolute ethanol 
=1:4) at 17 V and room temperature, then were anodized in 
oxalic acid (0.3 mol/L) at 40 V and 4°C for 4 h with stirring. 
The first grown oxide layers were then etched out com-
pletely with a chromic acid solution (1.5 wt% chromic acid 
and 6 wt% phosphoric acid in DI water)at 60°C , and a 
well-ordered porous AAO was grown by the second ano-
dization for 4 h [35].  
1.3  Ag nanorods growing on AAO surface via a  
galvanic reduction approach 
The as-prepared AAO over aluminum foil was immersed 
into the ammoniate silver solution (0.1 mol/L) for 10 min at 
room temperature (about 298 K). After that, 50 µL of for-
maldehyde reducing agent (4 mL formaldehyde, 4 mL de-
ionized water and 92 mL absolute ethanol were mixed) was 
dripped into the above ammoniate silver solution drop by 
drop. After 15 min the sample was taken out from the am-
moniate silver solution, rinsed with a large amount of de-
ionized water (50 mL) for three times, then dried under a 
flow of nitrogen gas at room temperature. The schematic 
diagram of the preparation procedure for AAO-Ag multi-
layer was showed in Figure 1. 
1.4  AAO-Ag multilayer film modified by PDT 
Both AAO over aluminum foil and as-prepared Ag–AAO 
multilayer nanostructures were immersed into ethanol solu-
tion of low surface energy agent PDT for 3 days，then rinsed 
with deionized water, and dried under a flow of nitrogen gas. 
1.5  Characterization and measurement 
Scanning electron microscopy (SEM) images were taken on 
a field-emission scanning electron microscope (JEOL, 
JSM-6700F, Japan) with an acceleration voltage of 3.0 kV. 
Samples were sputtered with a layer of gold (~10 nm thick) 
prior to imaging. XPS analysis of the X-ray photoelectron 
spectra (XPS) of Ag nanoparticles on the tip of AAO nano-
rods over Al foil was measured by use of on an ESCLAB 
MKII using Al as the exciting source. The contact angles of 
3 µL water drop were measured with video-based optical 
contact angle measuring instruments (Dataphysics, OCA20, 
Germany) at ambient temperature.  
2  Results and discussion 
2.1  Surface morphologies before and after Ag  
nanorods growing on the tip of AAO 
Figure 2(a)–(d) showed the SEM images of aluminum foil, 
AAO and as-prepared AAO-Ag multilayers. Figure 2(a) 
showed the SEM image of the smooth aluminum foil. Fig-
ure 2(b) showed the SEM image of top view of AAO pre-
pared at 40 V. As reported previously [36], a highly ordered 
hexagonal arrangement of the pores was obtained under the 
appropriate anodization condition and the applied voltage of 
40 V was ideal for the formation of stable porous structure. 
The pore diameter of as-prepared AAO is about 30 nm. 
Figure 2(c) showed the SEM image of cross section view of 
AAO. As shown in Figure 2(c), the thickness of AAO is 
about 3 μm. 
Figure 2(d) showed a SEM image of the as-prepared 
Ag–AAO multilayer nanostructures. The formation of these 
regular Ag–AAO heterogeneous nanostructures can be ex-
plained by a localization of the electrons at the ends of  
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Figure 1  Schematic of the fabrication of AAO-Ag multilayer. 
  
Figure 2  SEM images of the products. (a) Al; (b) top view of AAO; (c) 
cross section view of AAO; (d) Ag nanorods growing on the tip of AAO. 
AAO after the electron transfer step. After AAO over Al 
was immersed in ammoniate silver solution for 10 min, the 
electron can move from the Al plate to the top of AAO, the 
electron density of the top of AAO is enormously increased 
and the silver ions in solution obtain an electron to produce 
Ag nanoparticles around the top of AAO. This results is 
consistent with the previous report for the fabrication of the 
nanoheterostructure of ZnO nanorod arrays with attached 
spherical Ag nanoparticles on their tips [37]. After formal-
dehyde reducing agent is added, Ag nanorods grow further 
on the tip of AAO taking Ag nanoparticles as seeds. The 
length of Ag nanorods synthesized on the surface of AAO is 
in the range of 50–70 nm, and the diameter is about 20 nm, 
which is clearly shown in the enlarged SEM image. The 
formed Ag–AAO heterogeneous nanostructures exhibited as 
pile loop of towel, just like microstructure of dragonfly wing 
surface (pantala flavescens fabricius, showed in Figure 3(a)).  
2.2  XPS analysis 
The chemical composition of as-prepared Ag–AAO multi-
layer film was characterized by XPS measurements. Figure 
4(a)–(e) displayed the XPS spectra of C 1s, N 1s, O 1s, Ag 
3d and Al 2p core levels for AAO-Ag multilayer film, re-
spectively. The peaks corresponding to Ag 3d were record-
ed in the spectrum with binding energy located at 368.5 and 
374.5 eV (Figure. 4(d)). The line shape of the core-level O 
1s and Al 2p were showed with a binding energy of 532.0  
(Figure 4(c)) and 74.5 eV(Figure 4(e)), respectively. The 
XPS results indicated that Ag nanorods have covered the 
 
Figure 3  Dragonfly wing. (a) SEM image of dragonfly wing; (b) water 
droplet on dragonfly wing. 
AAO membrane completely. 
2.3  Wettability properties before and after Ag nano-
rods growing on the tip of AAO 
The contact angles of 3 μL water droplet on the aluminum 
foil, AAO film and the as-prepared AAO–Ag multilayer are 
measured. As shown in Figure 5(a) and (b), the contact an-
gle on natural oxide of alumina surface is 52° and the con-
tact angle on AAO surface is 35°. The two contact angles 
are both very low. However, there is great difference in 
surface wettability before and after Ag nanorods growing 
and modification by PDF on the tip of AAO. As seen in 
Figure 5(c), the contact angle on as-prepared Ag–AAO 
multilayer nanostructure surface modified by PDT is ex-
traordinary great and the average value is 168°. The state of 
water droplet on AAO-Ag multilayer nanostructure surface 
modified can maintain perfect sphericity, which is similar to 
the state on the dragonfly wing surface (Figure 3(b)). So the 
superhydrophobic characteristic of the dragonfly wing is 
successfully imitated. 
2.4  Mechanism analysis of superhydrophobicity on 
AAO-Ag multilayer 
Typically, the solid surface with the contact angle over 150° 
is considered as super-hydrophobic surface. At present, 
there are two prominent models: Wenzel state and Cassie 
state [38–40]. AAO is metal oxide with hydrophilic proper-
ties, and the surface structure is highly ordered and porous. 
When water drop contacts hydrophilic AAO surface with 
fine roughness structure, it will have a capillary effect, 
which results in water being sucked within the porous 
structure on AAO surface. The contact state of water droplets 
and rough surface is shown in Figure 6(a). So the drop wets 
the grooves, in this case, the Wenzel equation is applied [41]. 
 cos cosr er  ,   (1) 
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Figure 4  XPS spectra. (a) C; (b) N; (c) O; (d) Ag and (e) Al. 
 
Figure 5  The CA optical image between water droplet and sample. (a) Al; (b) AAO; (c) Ag-AAO multilayer. 
 
Figure 6  Two contact states (a) the contact state between water drop and 
AAO; (b) the contact state between water drop and AAO-Ag multilayer 
film. 
where r  is defined as the roughness factor, it is the ratio of 
the actual solid-liquid interface contact area and the appar-
ent solid-liquid interface contact area; r  is the apparent 
contact angle, and e  is the intrinsic contact. In this ex-
periment, the measured contact angle between natural oxide 
of alumina surface and water droplet is 52°, it is considered 
as e , while contact angle on AAO surface r  is 35°. The 
two contact values are substituted into equation (1), then r  
is calculated as 1.33. According to Wenzel equation, the 
surface roughness makes the hydrophilic surface ( e <90°) 
is more hydrophilic. When roughness factor r  increases, 
the contact angle decreases. 
After Ag nanorods grow on the surface of AAO, the 
sample surface presents multiscale and multilayer nano- 
composite structure. Furthermore, the as-prepared AAO-Ag 
multilayer film is modified by PDT molecules through met-
al-thiol coordination bond to form a self-assembled mono-
layer with a low surface energy. For porous material or 
rough surface trapping the air, the contact between drop and 
the rough surface is compound contact. At this point, Cassie 
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equation can be used. The AAO-Ag multilayer film is so 
sufficiently rough that the water droplet may trap air. And 
then the surface is made up of solid and air components so 
as to give a composite surface effect. So contact state be-
tween water droplet and the multilayer film surface accords 
with Cassie model, as shown in Figure 6(b). It is described 
in eq. (2) [42]:  
 cos cos 1r w s e sr      , (2) 
where s  is the area fraction on the horizontal projected 
plane of the liquid-solid contact and wr is the ratio of the 
actual area to the projected area of liquid-solid contact. In 
this experiment, the apparent contact angle r  is 168°.  
The co-coupling effect of chemical composition and nano- 
composite structure induces the super-hydrophobicity of 
AAO-Ag multilayer film.  
3  Conclusions 
Dragonfly wing structure are divided into three layers, 
which were dorsal surface, middle layer and ventral surface. 
And there are a large number of mastoids covered by hy-
drophobic waxy on the surface of dragonfly wing. The 
co-coupling effect of rough multilayer structure and hydro-
phobic waxy composition induces super-hydrophobic prop-
erties on dragonfly wing surface. Inspired by this, AAO 
nanostructure is prepared and Ag nanorods grow on the 
AAO surface. Thus the rough multilayer of AAO-Ag 
nanostructure is formed. Moreover, the AAO-Ag nano-
composite film is modified by hydrophobic PDT. It 
achieves ultimately the super-hydrophobic properties on 
AAO-Ag multilayer surface, and the static contact angle 
reaches 168°. The results show that increasing the mul-
ti-scale roughness and modification of hydrophobic sub-
stances can improve the superhydrophobic performance on 
solid surface. In this study, mimetic materials similar to 
dragonfly wings is prepared, they have excellent su-
per-hydrophobic properties. This paper provides new ideas 
and methods to design and fabricate mimetic superhydro-
phobic materials, and that to be applied to all areas of pro-
duction and life.  
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